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Introduction
Haemophilus influenzae is an important Gram-negative respiratory pathogen that causes, for example, acute otitis media in children, and exacerbations in patients with chronic obstructive pulmonary disease (COPD), but also invasive disease such as meningitis and sepsis (1) .
Encapsulated H. influenzae is categorized into six different serotypes comprising a to f, whereas the remaining non-capsulated H. influenzae is designated non-typable (NTHi) (2) . H. influenzae resides in the mucosa, and NTHi is mainly associated with infections in the respiratory tract, whereas encapsulated H. influenzae including Hib causes invasive disease. Until the 1990s type b (Hib) was the most common serotype, but a dramatic reduction of Hib cases was observed after introduction of a conjugate vaccine against Hib. However, an increasing incidence of invasive disease caused by non-type b H. influenzae has recently been reported from several countries (2) (3) (4) .
In contrast to the very efficient vaccine against Hib, any suitable vaccine has not yet been implemented for NTHi. Lipopolysaccharide (LPS) and surface-exposed antigenic proteins of Gram negative pathogens are generally predicted as putative starting points for screening of suitable vaccine candidates (5) . However, not all surface proteins or LPS are suitable for eliciting protection in the host against a particular pathogen. In recent years, several surface adhesin proteins including HMW-1 and -2 (6), pilA (7), P6 (8) , and Protein D (9) have been analyzed for their vaccine potential. Some of these NTHi surface proteins showed initial protection in experimental models, and Protein D now is included in the vaccine Synflorix ® giving partial protection against H. influenzae in humans (10, 11) . Structural data are, however, only available for a few of these vaccine candidates. 4 We have described the role of a hitherto unknown H. influenzae protein E (PE) in interactions with host epithelial cells and in subversion of the host innate immune response (12) .
Protein E is a 16 kDa surface lipoprotein of H. influenzae that functions as an adhesin and induces a pro-inflammatory response during infection leading to IL-8 secretion and up-regulation of ICAM-1 (CD54) in both cell lines and primary epithelial cells originating from patients with
COPD. An isogenic pe mutant showed defective adhesion and internalization of host epithelial cells. Furthermore, by using a peptide mapping approach we suggested that the amino acid region 84-108 is involved in binding to epithelial cells. Importantly, immunization with the PE 84-108 peptide showed significantly better pulmonary clearance in a mouse model in comparison to immunization with a non-related control peptide (12) . When the pe gene was sequenced in all
Haemophilus spp., including Hib and NTHi clinical isolates, we found that PE is a ubiquitous
Haemophilus outer membrane protein (13) . The active vitronectin-binding region PE 84-106 was found to be 100% conserved. PE homologues were also present in other members of the Pasteurallaceae family including Aggregatibacter spp., Actinobacillus spp., Mannheimia succiniciproducens, and Pasteurella multocida (13) .
Vitronectin (Vn) and laminin (Ln) are amongst other proteins found in the extracellular matrix (ECM) (14, 15) . In addition, Vn plays a crucial role in maintaining the homeostasis in the regulation of the complement system, i.e., the innate immunity. We recently observed that NTHi binds Vn via surface-exposed PE, and that this interaction leads to an increased serum resistance.
The peptide region covered by amino acids 84-108 is the Vn interaction domain (14) (15) (16) , and further analysis revealed that in particular the residues K85 and R86 are involved Vn binding (17) . In addition to the PE-dependent Vn-binding, we observed that the region comprising amino acids PE 41-68 interacts with Ln, an abundant ECM protein in the basement membrane, and that 5 this interaction leads to better adhesion of NTHi to host tissues (18) . Interestingly, the Ln and Vn binding sites on the PE molecule are completely separate and do not interfere with each other during binding. The outer membrane PE thus both functions as an adhesin and concurrently protects bacteria from complement-mediated killing (18) . More recently, we observed that PE also binds plasminogen that is ultimately converted into plasmin, and this consequently leads to degradation of complement 3 (C3) and dampening of the host innate response (19) .
We recently published a technical report on crystallization data of a recombinant variant PE and a Se-methionine labeled PE (20). In the present study, the X-ray diffraction data at 1.8 Å resolution was analyzed in detail to obtain the structure of PE. Based upon the crystal, we show that the PE molecule is a dimer in the asymmetric unit. The structure of the monomer contained six antiparallel β-sheets connected with loops. At the C-terminal end, a rigid α-helix was found that was fixed at its position by a disulphide bond to the top of the β-sheet. The laminin and plasminogen binding regions of PE were exposed at the surface of the molecule, while the Vn binding region, previously defined by a peptide mapping approach was partially exposed.
Furthermore, we used a structure based selection of the exposed regions to verify their localizations and respective immunogenicity by raising antibodies in mice. These structural findings provide insight in the regions that are involved in interactions with host proteins and a possible mode of PE-mediated host interactions by H. influenzae.
Material and Methods
Protein expression, purification and crystallization
PE and SeMet-PE were recombinantly expressed in E. coli as inclusion bodies and purification was performed as described previously (20 were measured by a Nano-drop spectrophotometer.
The recombinant variant of PE and SeMet PE were concentrated up to 5 mg/ml.
Crystallization conditions were screened by using commercial kits as described elsewhere (20).
Crystals of recombinant variant PE were obtained in 100 mM SPG buffer pH 6.0, 25% w/v polyethylene glycol 1500. The SeMet PE produced crystals in 100 mM MES, pH 6, 200 mM NaCl and 20% PEG 6000. The size of the SeMet PE crystals was futher improved by using the microseeding technique. Both PE proteins produced crystals within 4-5 days of incubation at 25 ºC. Details of the crystallization strategies can be obtained from (20).
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Data collection and refinement
Crystals were quickly cooled in the presence of a cryo protectant solution in a MiTeGen loop using a stream of nitrogen gas at 100K before exposing them to the X-ray beam. The universal cryo solution containing 32% w/v glycerol, 32% w/v ethylene, 36% w/v sucrose and 2% glucose, was used for the recombinant variant PE crystals. Suitable crystals were incubated in drops of mother liquor to which an equal volume of the cryo solution was added. After about 30 seconds of incubation, they were mounted in loops and placed in a cryogenic N 2 gas stream at 100K. In contrast to the cryo conditions for the recombinant variant PE crystals, 15% w/v PEG 400 in reservoir solution was used for SeMet PE crystals. All data collections were performed at station I911-3, at the MAX IV Laboratory (Lund University Sweden). The station was equipped with MD2 goniostat (Maatel, Cedex, France), and a MAR225 CCD detector (Marresearch, Norderstedt, Germany).
To obtain reliable phase information, three data sets, peak (PK), point of inflection (PI) and remote (RM) were collected at the K edge of selenium (around 0.9795 Å) from the same SeMet containing crystal (see table 1 for data collection details and statistics). Data for PK and PI sets were collected first, with reduced exposure times such that the influence of radiation damage on the phasing could be minimized. The data for RM were, however, collected with longer exposure times in order to obtain data to the diffraction limit of the crystals (see Table 1 ).
All data were integrated and scaled using the program XDS (21). The phasing power was monitored by using HKL2MAP (22) , a graphical interface to a set of programs from the SHELXsuite. Six of the 8 possible Se positions could be identified using Patterson methods in SHELXC (23) . Subsequent refinement and phasing of the structure was achieved by using auto-SHARP (24) using data from all 3 datasets.
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Autosharp built 246 residues out of 282 possible using arp/warp (25) . The model was inspected using COOT (26) , and subsequent rounds of refinement and model building were performed by using the Phenix package (27) and Coot. In total 130 residues for each chain could be traced with 10 residues missing at the N-terminus and 1 residue at the C-terminal end of each of the protein chains. During refinement an additional 127 water molecules were added to the model. The final model had a good stereochemistry (r. m. s deviation from ideal geometry in bonds = 0.017 Å, in angles 1.65 º ) and 97.3% of the residues lied in the most favoured part of the Ramachandran plot.
Data for the two different crystals forms of the recombinant variant PE were also collected. XDS was used for data processing and scaling ( Table 1 ). The solvent content of the 2 nd type of crystals was relatively low (around 30%) which probably was the reason for the diffracting power of these crystals. Both crystal forms were monoclinic and details of the different datasets are described in Table 1 . The structure of the SeMet mutant form of PE was used as starting model in Molecular Replacement using Phaser (28) for the first crystal form. For the 2 nd crystal form of the recombinant variant PE protein, the first form was used as search model and Phaser was used for the Molecular Replacement. Both structures were refined using TLS refinement within the Phenix suite and model inspection was performed using COOT.
During refinement difference density indicated the presence of ethylene and glycerol molecules from the cryo-solutions, and these were placed accordingly. All coordinates and structure factors for the different models were submitted to the PDB database with codes xxxx for SeMet mutant for, xxxx for PE the recombinant variant PE 1 and xxxx for PE the recombinant variant PE 2.
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Immunization of mice
Based upon the crystal structure of the PE, peptides were designed for immunization and conjugated with KLH (Innovagen AB, Lund, Sweden). Mice (BALB/c; 6 in each group) were immunized with KLH-conjugated peptides according to a standard immunization protocol (12) .
In brief, 50 µg peptide with complete Freunds adjuvant were subcutaneously administered. After 4 weeks, booster doses of 50 µg peptide with alumiminum hydroxide were injected the following three weeks. Blood was drawn one week after the last booster dose, and specific Abs were immunopurified using the same peptide, followed by testing in sandwich ELISAs against the 
Dynamic light scattering and Electron microscopy
Dynamic Light scattering (DLS) experiments were performed by using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Different concentrations of PE (1 mg/ml, 3 mg/ml and 5mg/ml) were used to collect data in triplicates and mean values were plotted. We used negative staining and transmission electron microscopy (TEM) to visualize the PE molecules as described elsewhere (29) .
Results
Protein E is a dimer
The gel filtration profile showed that the majority (>85%) of recombinant PE molecules existed as dimers in solution, whereas only a minor fraction consisted of an oligomeric form during these conditions ( Fig. 1A-B) . The pooled fractions 13-18 in figure 1A were also analyzed by dynamic light scattering. These experiments confirmed that approx. 85% of PE that eluted as a single peak represented dimers, whereas the minor peak containing the remaining 10-15%, were tetramers ( Fig. 1C ). In addition, Transmision Electron Microscopy (TEM; negative staining) of recombinant PE also verified that > 85% of PE existed in dimers and minor fraction as tetramer or few monomers (Fig. 1D ). Taken together, these results clearly indicated that PE is a dimer.
When the crystal structure was determined, we found that PE is also present as a dimer in the asymmetric unit. Each PE monomer consists of a -sheet formed by 6 antiparallel -strands (1 39-43, 2 46-59, 3 64-78, 4 88-99, 5 102-114, 6a 118-122 and 6b 130-134) ( Fig. 2A) .
In addition, a longer -helix (138-151) packs on the concave face of the sheet (Fig. 2B ) and strands 1, 2 and 3 are curved around it. Strand 6 consists out of two shorter strands 6a and 6b, interrupted by a short loop from residues 123 to 129. After the loop, the 2b lines up to strand 3, and proper hydrogen bond interactions for a sheet are formed. The edge of the sheet is formed by strand 1 and part of strand 2 at one side and strands 6a and 6b at the other side.
The  helix is tethered to the -sheet through a conserved disulphide bond between cysteine residues 99 and 148. This disulfide bond connects the top of the central strand of the -sheet and one end of the -helix together. The helix shields the upper half of the concave -sheet and in particular the part formed by strands 1, 2, 3 and partly 4, is protected from solvent by the helix while the remaining part of the face is exposed.
The convex side of the sheet is not protected by other structural elements in the PE monomer. However, the two monomers in the asymmetric unit pack together through the convex site of each of their -sheets to form a nearly continuous antiparallel -sheet that resembles a flattened barrel-like dimer structure. The dimer formation is nearly identical in the different crystal forms presented. The resulting dimer is 55Å x 44Å x 25Å in size ( Fig. 3A-B) . The barrel has a wedge like shape with the top more narrow than the bottom side. Loops connecting the -strands at the top of the barrel ( (Fig. 4A ). Other interactions are formed between Asp59 and Thr131, Gln61 and Ser133.
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Tyr94 from strand 4 completes the main interactions through a hydrogen bond to the Nz of Lys129 (Fig. 4A) . The dimer interactions are not extensive and only 625 Å 2 are buried in the interface according to an analysis using Pisa (30) .
Both the top and bottom sides of the barrel-like feature are hollow and deep pockets are formed (Fig. 4B) . The pocket at the wider bottom is larger, not well defined or well protected from solvent. The volume of the pocket is 857 Å 3 as calculated by Pocketfinder (http://www.modelling.leeds.ac.uk/pocketfinder/). This pocket is lined with a number of charged residues, most notable 4 arginines (Arg108 and Arg121 from each subunit) that come together in the center of the pocket to form a ring like arrangement (Fig. 4B ). Two Asp residues (Asp110 from each monomer) are positioned between two of the Arg residues and provide some charge compensation (Fig. S1 ). Further charged residues that line the inner pocket are Lys125 and Lys126 (Fig. S1 ).
The second pocket at the top of the barrel is much more confined in space and better defined. It has a flattened shape with dimensions of 14Å x 8Å and is about 10Å deep with a volume of 363 Å 3 (Fig. 4B) . The central part of the pocket is lined with four Ile residues (Ile65 and Ile96 from each monomer), whereas at the inside walls of the pocket more polar residues (His67, Asp59 and Thr105 from each monomer) are found ( Fig. 4B and 4C ). The rim of the pocket is also polar of character and residues His103, Asn98 and Asn101 are located here. Since this pocket is very well defined in shape and protected from the solvent, it seems likely that it has a ligand binding feature. The residues that are lining the walls of both pockets are, however, not particularly conserved within a family of homologous proteins from different pathogens as described in next sections.
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Functional host factor-binding regions of PE are exposed at the surface of the molecule
We previously used a peptide mapping approach to identify the PE amino acid regions that were involved in binding to epithelial cells (12) . A peptide consisting of the PE84-108 amino acid region directly interacted with lung epithelial cells. More recently, a similar region was verified that bound Vn (16, 17) . In the present crystal structure, the 84-108 amino acid region is located partly in loops 4 and 5, and in beta strands 4 and 5 (Fig. 5A) . The structure shows that loop 4
plays a role at the base of protein, where amino acids Asn73-Arg89 are well exposed (Fig. 5B) .
In contrast, the Ser90-Arg108 part is located in beta strands 4 and 5 that are positioned in the core of the PE dimer. Thus, the loop 4 region upward to amino acid 84 seems more likely to be the real epithelial cell interacting domain (Fig. 5B) . Recently we showed that amino acids Lys85
and Arg86 are important for the PE-dependent interaction with vitronectin (17) . Importantly, in loop 4, the side chains for Lys85 and Arg86 are well exposed ( Fig. 5A and B) . The linear sequence of loop 4 in all Haemophilus spp. is highly conserved, which suggests similar ligand specificity, while in other pathogens this loop is only partially conserved (Fig. 6A ).
Since the multifunctional PE also interacts with laminin, we previously applied a peptide mapping approach to determine the specific laminin binding amino acid region in PE.
Interestingly, the region consisting of PE aa 41-68 was directly interacting with Ln (18) . The same peptide also has affinity to plasminogen (19) . This particular region is located in the loop 1 between strands 1 and 2 and beta strand 2 and loop 2. This whole region is partly exposed at the surface and presents diagonally along with the whole length of the dimer (Fig. 5C and D) . In parallel with loop 4, the laminin/plasminogen binding region (loop 3) is also conserved among
Haemophilus spp., but it is diverse in other pathogens. However, loop 3 has acidic amino acids 15 that are highly conserved in most of the PE homologues for which sequence information is available (Fig. 6A) .
PE is a unique adhesin of the Pasteurallaceae family
All pathogenic bacterial species are equipped with specific adhesins that very precisely recognize host tissues in particular anatomical niches. This group of proteins has numerous structurally diverse members. In general, adhesins may be fimbriae, pili or other non-pilus adhesins (31) . (Fig. 6A) . The detailed similarity matrix revealed a sequence identity between 34.1-98.8% and similarity 55.3-99.4% (Fig. 6B) , and primary amino acid sequence based phylogenetic tree showed 5 separate clusters (Fig. 6C) (Fig. 6B and C) . We suggest that PE belongs to a unique group of bacterial outer membrane proteins in the family Pasteurallaceae.
PE belongs to the cystatin family of proteins
To verify the folding pattern, the PE structure was matched with a fold database (33) . The arrangement of a 6-stranded antiparallel -sheet and helix packing at one face as seen within the monomer, was observed in a number of different proteins. In these proteins, however, the other side of the sheet is normally shielded by other secondary structure elements and thus the sheet and helix are part of larger fold arrangements, which are not related to each other. The closest structures, which have the same minimal arrangement, can be seen in the monellin/cystatin family fold (34), which is also composed of a single antiparallel -sheet with an -helix protecting the concave face of the sheet. Proteins in this family are either cysteine protease inhibitors (cystatin-like) or sweet proteins from plants (monellin-like). The basic folds of, e.g., monellin and PE superimpose well (Fig. 7) . However, the position of the helix within the secondary structure topology of the monellin/cystatin family fold is different from what it is within the PE structure. In the monellin/cystatin family it is placed after the first strand of the sheet, whereas it is positioned at the C-terminal end of the PE molecule. The helix for the monellin/cystatin family is positioned in the centre of the beta-sheet face and protects the whole face of the protein. The helix in PE is, however, tethered to the top of the sheet by the disulphide bridge and therefore part of the sheet is more exposed. Thus, it seems that the PE and the monellin/cystatin most probably are analogues of each other and probably are products of convergent evolution.
The most homologous regions for all the species are located in the secondary structure elements especially within the central strand 3. Interestingly, one region with a very high homology is not associated with a secondary structure element but instead it is found in loop 6
and
consists of the fingerprint [FY]111-[YH]-X-[DE]-F-W-G-X-G119. This loop between 5
and 6 folds back over the convex inner side of the sheet and forms a small hydrophobic core on the inside bottom of the -barrel like dimer. The aromatic residues in the fingerprint interact with residues from the different strands as well as with the N-terminal loop 1. Especially the residues Tyr/His112 and Trp116 are involved in multiple interactions with residues from different secondary structure elements (Fig. 6A) . Using the Prosite webserver (35) to scan the database for sequences with similar fingerprints, it seems that this fingerprint is unique and it might thus be an indicator of this particular fold family.
Structural approach for mapping immunogenic and surface-exposed regions of PE by raising peptide antibodies
Previously we reported that immunization with PE 84-108 mediated protection in a mouse pulmonary clearence model (12) . The ubiquitous presence of PE among NTHi clinical isolates further signified the importance of this protein as a vaccine candidate (13) . To verify our crystal
model as well as to analyze the immunogenic capacity of various surface-exposed regions of PE,
we designed a series of peptides as outlined in figure 8A and B (PE24-37, PE74-89, PE84-108, and PE134-156). In addition, a peptide based upon the cryptic region PE104-128 was used as a negative control. KLH-conjugated peptides were used for subcutaneous immunization of BALB/c mice. Sera from immunized mice (n=6 in each group) were pooled, peptide Abs were purified using affinity chromatography, and finally tested in ELISA. All peptides produced specific Abs directed against their corresponding peptides (Fig. 8C) . In contrast, the resulting antibodies showed different recognition patterns against recombinant full length PE22-160 in ELISA. Antibodies directed against PE24-37, PE74-89, and PE134-156 recognised the PE22-160 molecule, whereas the anti-PE84-108 Ab recognised PE22-160 with less efficiency (Fig.   8D ). However, purified peptide antibodies directed against PE24-37 and PE84-108 displayed cross reactivity against both peptides in ELISA. As expected, the negative control Ab against PE104-128 did not detect full length PE.
We also wanted to test whether our peptide Abs recognized PE when the molecule was surface-exposed in its native PE form on the clinical isolate NTHi 3655. Bacteria were incubated with Abs followed by flow cytometry analysis. In parallel with the results obtained by ELISA,
anti-PE24-37, anti-PE74-89, and anti-PE134-156 Abs all detected PE at the bacterial surface, whereas the anti-84-108 Ab showed a minor shift when compared to the negative control consisting of the secondary antibody only (Fig. 8E) . Taken together, Abs directed against surface-exposed epitopes of the PE molecule that were defined by designed peptides fit very well with the crystal structure.
19
Discussion
Protein E is an outer membrane protein found in both encapsulated H. influenzae and NTHi. We have shown that NTHi equipped with the multifunctional adhesin PE binds to several different host proteins including Vn, Ln and plasminogen (13, 16, 17, 19) . The majority of NTHi infections are in general non-invasive albeit an increasing trend of invasive NTHi disease has been observed the last 5 years (3). Active degradation of host tissues and the ECM is, however, a property of typeable H. influenzae such as Hib. Adherence mediated by the PE-Ln interaction thus could provide a firm anchorage to host basal lamina and tissues (Fig. 9) . In contrast to Hib, NTHi may also use Ln as a ligand, particularly when the epithelial mucosa is destroyed by a prior viral infection or mixed bacterial infections. In parallel, plasminogen bound to PE degrades C3b and inhibits the complement-mediated innate immunity. The protease activity of plasmin also degrades the ECM (Fig. 9) , which eventually will increase the host damage. Experimental evidence suggests that Ln and plasminogen both share a similar binding domain in PE (16, 19) .
This might of course be conditional according to the abundance and affinity of ligands. An interesting finding is that recombinant PE simultaneously binds Ln and Vn (18) . We have also observed that laminin LG1-5 domains of the alfa chain interact with PE and that this interaction can be inhibited by heparin (18) . The PE loop 3 region has a few acidic residues (residues D59 and E62) that might be involved in the binding to the LG4-5 domains of laminin. The present data of a dimerized PE molecule (Fig. 3A) explains these in vitro observations. However, it is at present unclear whether the dual ligand-binding mode of the PE molecule also exists in vivo.
Protein E is a lipoprotein that has a signal peptide at the N-terminal followed by Cys16 (12) . According to the general described mechanisms of lipoprotein transport and lipidation mechanisms, the protein is transported to the outer membrane followed by addition of lipid 20 chains and removal of the signal peptide (36, 37) . The Cys16 residue is thus predicted to be involved in lipidation and functions as an anchor of PE on the outer membrane of bacteria. The N-terminal of the dimer is supposed to face towards the membrane side of the bacteria, whereas the C-terminal is facing the outside.
The presence of a well-formed pocket on the top side of the dimer (Fig. 3B) is intriguing.
The shape and accessibility of the pocket is very reminiscent of binding pockets in smaller ligand binding proteins. However, a clear function for this pocket cannot be deduced and due the variability of the residues lining the pocket it does not seem to be associated with a conserved function within the family of PE-like proteins. It has been suggested, however, that a high level of diversity within interacting surfaces of adhesins when in contact with their host proteins, stems from the need of the pathogen to change these recognition sites in order to avoid an immune response, while retaining a common biological function (38) . This possibility needs to be further investigated. Identification of a putative ligand to the smaller and well defined pocket of PE would be an asset in these investigations.
Protein E is known as one of the H. influenzae Vn-binding proteins with the highest affinity (K d =4.0x10 -7 M), and most importantly, Vn bound to PE protects NTHi from the membrane attack complex (MAC). The vitronectin-binding region PE84-108 that is embedded in the structure is mostly located in the dimer interface. Recently, we further suggested that Lys85
and Arg86 of PE are involved in binding to Vn (17) . Lys85 and Arg86 are located in the end of the exposed loop 4. Thus, a probable region for Vn interactions may be mostly located between amino acids Leu78-Ala88 of loop 4. Vn is also known to function as a bridge molecule that interacts with bacterial surface proteins and the host integrins via an RGD motif (14, 39) .
Similarly, the PE-mediated recruitment of Vn by H. influenzae might also be involved in adhesion and internalization into epithelial cells.
Protein E meets the criteria of being suitable as a vaccine candidate, i.e., its ubiquitous presence, highly conserved nature, favoured immunogenicity and protective role in model animals (12) . In our preliminary experiments, the structure based approach for designing antibodies against the surface-exposed part of the PE molecule recognised recombinant PE in addition to PE at the surface of bacteria (Fig. 8E ). This indicated that these peptides may be appropriate for immunization against NTHi.
PE has a unique three dimensional structure that is involved in adhesion of H. influenzae to epithelial cells and binds and/ or recruits multiple host proteins. The PE structure is formed by -sheets with an -helix covering one side. Within the crystal structure the protein is present as a dimer with the two monomers forming a -barrel like structure. The dimer of PE resembles a flattened -barrel like structure, as it seems to form a continuous up and down antiparallel  sheet resulting in formation of large pockets inside the molecule. However, in a number of aspects it differs from true -barrel structure. The first one is that at the sides of the monomers interacting with each other, the contact surfaces are not made through -strands, but instead loops are used in an extended conformation. The hydrogen bonding system is not according to that observed in a -sheet; here instead hydrogen bonds are built up through side chain interactions. Although the interaction area is limited, the presence of dimers is also seen in gel filtration, DLS and TEM experiments, concluding that this is not likely to be an artefact during crystallisation. The other unusual aspect of this "barrel-like" structure is the way the barrel fans out at the bottom side. This is mainly achieved by the high twist in the separate sheets of each 22 monomer. Only the top part of the barrel is intact and continuous while the bottom part is sheared and open at the sides. This is an unusual arrangement and not observed in other proteins as judged by fold recognition searches using Dali (33) .
The protein folding pattern has a partial match with the monellin/cystatin family.
However, cystatins are in general monomeric, whereas monellin is a heterodimer formed by an A chain of 42 aa and a B-chain of 50 aa. A higher oligomeric variant of monellin has been observed in crystal structures (40) . The dimer arrangement of PE is, however, different from monellin, and for PE a more side to side barrel like dimer is found. Proteins in the monellin/cystatin family have been studied extensively for their capacity to aggregate (41) .
However, the aggregation of PE has not yet been fully investigated. Besides this similarity with monellin/cystatin, there are no other bacterial adhesins that have this kind of structural appearance. However, orthologues belonging to the PE adhesin sub-family are also present in E.
cloacae and L. monocytogenes. We conclude from sequence comparisons within this set of proteins that the residues, which are important for the specific features of the fold, are very well conserved. These conserved patches at the surface of PE that might be important for the structure of the common fold, are shown in figure S2 . The specific role of these proteins in the various bacterial species is not yet elucidated. In fact, the best characterized member of this family is PE, which is described in the current paper. We would therefore propose that PE and its homologs belongs to a new group of adhesins that is particularly present in the family of Pasteurellaceae. polymerization during formation of a lytic pore. PE is able to bind both Ln and Vn at the same time and these both ligands do not interfere with each other, thus adhesion and MAC inhibition can be carried out simultaneously. 
